We present a closed-loop technique for measuring wavelength shifts associated with fiber Bragg gratings by using a fused biconical wavelength division multiplexer ͑WDM͒. The spectral response of the WDM is actively tuned by stretching of the coupling region to maintain a fixed coupling ratio at the reflected Bragg wavelength. The closed-loop operation allows sensitivities usually associated with a highly selective WDM to be obtained without compromising the measurement range. A simple theoretical model is presented together with experimental results for temperature and strain measurements.
Introduction
In the past few years, fiber Bragg grating ͑FBG͒ temperature and strain sensors and their application in smart structures and composite materials have been the subject of considerable research effort. [1] [2] [3] [4] [5] The small Bragg wavelength shifts associated with this class of sensor often require expensive and complex demodulation schemes. To widen the range of possible applications, it is desirable to develop simple techniques that utilize robust and low-cost components. Several filtering techniques have been demonstrated that fulfill these requirements, such as those based on bulk filters, 6 fiber edge filters, [7] [8] [9] edge optical source spectra, 10 edge fiber grating spectra, 11 edge detector response, 12 tunable fiber filters, 13 tunable acoustooptic filters, 14 and receiving FBG. 15 Among these, one of the most elegant methods is based on using a commercially available wavelength division multiplexer ͑WDM͒. 7 Although the measurement range obtained is large, the sensitivity is limited by the small slope of the WDM transfer function. For overcoming this problem, dedicated highly overcoupled couplers have been used. 8 The increased slope yields higher sensitivity but reduces the linear measurement range. As in other filtering techniques, active tuning would be an obvious solution to maintain high sensitivities with increased operating range. Mechanically polished couplers are well recognized by their excellent tunability properties through control of the effective interaction length. 16, 17 However, these involve complex fabrication processes that result in very sensitive but expensive devices. The fusion biconical taper technique offers an attractive alternative for lossless and low-cost fabrication. 18 Although these devices are usually packaged to present a high-stability spectral response, one can adjust their coupling ratio by using techniques such as bend, twist, or axial strain induced on the tapered region and variations of the external refractive index. 19 -24 In this paper we show that it is possible to obtain a large measurement range by active control of a fused biconical WDM and take advantage of its high sensitivity. By stretching the coupling region, we demonstrate that the spectral characteristic of a WDM can be effectively tuned over ranges exceeding 15 nm without additional loss. These characteristics are useful for analysis of the optical signal returned from a fiber Bragg grating sensor, as we discuss in the following sections.
Theory
The power at the output ports of a fused biconical tapered coupler, P 1 and P 2 , can be written as
where P 0 is the power reaching the WDM, L is the interaction length, and C, the coupling constant, is given by 25
where is the operating wavelength, n 2 is the silica refractive index, a is the diameter of the biconical taper waist, and V ϭ 2a͑͞n 2 2 Ϫ 1͒ 1͞2 is the normalized frequency. In this simplified model, the effects of polarization have been neglected, it is assumed that only two modes exist in the coupling region, and the cross section is considered constant over the entire coupling length. Using the above equations, we can derive an expression for the WDM period ͑⌬͒:
During the coupler fabrication process a fixed length L H of fiber is uniformly heated and stretched. In this condition the biconical taper diameter is expected to vary with taper elongation L T as 26
where a 0 is the initial fiber diameter. The set of Eqs. ͑1͒ and ͑2͒ suggests that it is possible to modify the spectral response of a WDM by changing either the length of the coupling region L or the coupling constant C. For a limited range of wavelengths the coupling constant cannot be easily changed to obtain a desired spectral response after the fabrication process is completed. However, this change can be accomplished by proper control of the coupling length. From Eqs. ͑1͒ and ͑2͒, for equal power to be obtained at both output ports, the operating wavelength 3dB must satisfy
where V is approximately constant for a limited wavelength range. Because the required values of elongation are always small compared with the total coupling length L, a linear relation exists between ⌬ 3dB and ⌬L:
In obtaining Eq. ͑7͒ it was assumed that the imposed elongation is restricted to the coupling region. This in practice is a valid approximation since the cross section of the coupling region is very small when compared with the transition section of the taper ͑a 2 ͞a 0 2 Ͻ 10 Ϫ3 ͒. 26 Also, small strain-induced refractive-index variations were neglected. As an example, Fig. 1 shows the tuning characteristics obtained for three WDM's with the same period ⌬ ϭ 10 nm, but with different fabrication parameters. As predicted by the model, Fig. 1 illustrates that for a fixed WDM period better wavelength tunability may be obtained when the length of fiber heated during the fabrication process is shorter, corresponding to higher values of the ratio a͞L. It is also important to examine the tunability for different WDM periods.
Since large values of a͞L lead to a longer WDM period, better tunability is expected for devices with long periods. We now provide an analysis that describes the application of the WDM as a wavelength discriminator for FBG sensors. Consider the experimental setup in Fig. 3 . The optical power at the output ports can be written as where B is the Bragg wavelength, VЈ is given by VЈ ϭ ͑V ϩ 1͒͑͞V Ϫ 1͒, and P 0 is the power reaching the WDM after being reflected from the FBG. Approximations ͑8͒ and ͑9͒ are valid only for small Bragg wavelength shifts around the 3-dB point and for a grating spectral width much smaller than the WDM period. The signal after the differential amplifier is then given by
where K is the gain of the detectors and 3dB is the Bragg wavelength that sets
clearly shows that the system sensitivity to shift in the Bragg wavelength increases in proportion to the optical power reaching the WDM, and it is inversely proportional to the WDM period. However, minimizing the WDM period seriously restricts the linear measurement range. In other words, while it is advantageous to increase the slope by using a highly selective WDM, the maximum wavelength shift that can be detected in the linear region around the 3-dB point becomes smaller. To overcome this limitation, we propose a closed-loop approach ͑Fig. 3͒. By locking the 3-dB point of the WDM to the reflected Bragg wavelength, we can obtain high sensitivity without compromising the measurement range. The elongation applied to the WDM in closed-loop operation can be written as
In Eq. ͑11͒, ⌬L Bias is the initial elongation necessary to ensure proper selection of the 3-dB point, K PZT is the voltage to displacement conversion factor for the PZT used to stretch the WDM, A is the amplifier voltage gain, and C is the integrator time constant. Equation ͑11͒ indicates that ⌬L can be used to measure directly the Bragg wavelength shifts associated with strain or temperature variations applied to the FBG.
The sensitivity of the proposed demodulation scheme is basically determined by the system's noise level and the slope of the WDM spectral response. The most important noise source in the system is caused by the electronic circuitry, which is not related with power reaching detectors or WDM characteristics. That is, for a given optical source power the wavelength selectivity of the WDM dictates the minimum Bragg wavelength shift that can be measured. It is important to emphasize at this point that there are always practical limitations in the selection of WDM with a minimum period. The first limitation arises during the fabrication process, because a highly selective WDM requires long pulling that leads to excess power loss, incomplete mode conversion, and a fragile device. On the other hand, as can be seen in Fig. 2 , higher wavelength selectivity corresponds to a reduced tuning capability of the WDM. This decrease in the tuning capability puts practical constraints on the WDM stretching when used in a closed loop. For this problem to be minimized, a short heating length should be used during the WDM fabrication process, as indicated by the data in Fig. 2 . However, for a given selectivity, the minimum taper length is limited by mode-coupling loss, as described by the condition for adiabaticy. 27 Therefore the optimum period for the WDM used to analyze shift in the wavelength of light reflected from a FBG is determined by the power loss that can be accepted and the required maximum tunability range.
Experimental Results and Discussion
To demonstrate the effectiveness of the proposed demodulation scheme, we implemented the setup shown in Fig. 3 . Light from a pigtailed superluminescent diode ͑ 0 ϭ 1280 nm, ⌬ S ϭ 20 nm͒ was used to illuminate the FBG. The grating was written by the phase mask technique in hydrogen-loaded telecommunication fiber ͑ B ϭ 1282 nm, ␦ ϭ 0.2 nm͒. To measure the Bragg wavelength shifts, we fabricated a WDM by using the fused biconical taper method. The fibers were uniformly heated over a length of 3.0 mm and elongated by 25.5 mm. The WDM period obtained was measured with an optical spectrum analyzer as ⌬ ϭ 9.8 nm. Using the experimental values of L H , L T , and ⌬ in Eqs. ͑4͒ and ͑5͒, we can estimate the value for the WDM waist, a ϭ 2.1 m, and for the coupling length, L ϭ 9.6 mm. A typical WDM response is shown in Fig. 4 .
Signals from detectors ͑K ϭ 500 mV͞W͒ were used as inputs to a differential amplifier with unity gain. The typical optical power reaching detectors was Ϸ10 nW. Through the integrator a compensation signal is then generated when the power reaching detectors D 1 and D 2 is not balanced. This signal, after being amplified and added to a bias signal, is applied to the piezoelectric transducer ͑PZT͒ used to stretch the WDM structure. As mentioned in Section 2, the PZT bias is used to select an initial 3-dB point suitable to lock the Bragg wavelength. This situation is illustrated in Fig. 5 . The WDM tunability can be estimated as ⌬ 3dB ͞⌬L ϭ Ϫ0.16 nm͞m by use of Eq. ͑7͒. That is, for tuning the WDM over the range in which the Bragg wavelength varies ͑a few nanometers͒, the elongation of the WDM structure must exceed 15 m. This elongation was achieved with a PZT bimorph disk translator as shown in the inset of Fig. 3 . First-measurement tests demonstrated a nonlinear relation between the integrator output voltage and the Bragg wavelength shift. Also, hysteresis behavior was observed when strain or temperature cycles were applied to the FBG. This is a well-known characteristic of bimorph PZT's. For evaluating the real displacement of the PZT and consequently the WDM elongation, a small mirror was attached to the PZT. The displacement of this mirror was then measured by use of a freespace Michelson interferometer illuminated by a He-Ne laser. The relation between the 3-dB wavelength of the WDM and the applied voltage to the PZT was investigated as shown in Fig. 6 . As can be seen, the response is not linear. However, when real WDM elongation was used rather than the PZT voltage ͑Fig. 7͒, a good linearity was obtained for the entire cycle, validating the basic principle of the proposed technique. Linear fitting to experimental data indicates that ⌬ 3dB ͞⌬L ϭ Ϫ0.17 nm͞m, in good agreement with the theoretical value presented above.
These results indicate that, owing to the PZT hysteresis, neither V PZT nor the integrator signal linearly depends on the change in Bragg wavelength. For the Bragg wavelength shifts to be accurately measured, real elongation of WDM should be monitored. Figure 8 shows the system response when the sensing FBG was subject to a cyclic temperature variation of Ϸ100°C. A good linear relation is observable, and from data in this figure a resolution of 0.2°C͌͞Hz can be calculated for temperature measurements. The system response to an applied strain cycle is shown in Fig. 9 , and a resolution of 2.1 ε͌͞Hz can be calculated from data in this figure. Again a good linear relation is observable. As discussed above, closed-loop operation is essential in obtaining linearity over a large measurement range. For a comparative study the system was operated in open loop and strain was applied to the FBG sensor ͑Fig. 10͒. As predicted, typical sinusoidal output was observed that limits the linear measurement range to approximately 1 mε.
It must be emphasized that the resolutions obtained were determined not only by the system performance ͑noise and WDM selectivity͒ but also by errors associated with measuring the PZT displace- ment with a nonoptimized external interferometer. As mentioned above, the free-space interferometer was added to the proposed interrogation scheme only to correct for PZT hysteresis. In fact, if the integrator output was monitored rather than the auxiliary interferometer output, better sensitivity should be expected, although in this case the linearity becomes degraded. This result can be confirmed from data in Fig. 11 where the system response ͑V INT ͒ to a strain square wave with amplitude of 45.3 ε is shown.
When the observed signal-to-noise ratio is used, a resolution of 0.3 ε͌͞Hz can be calculated. From this value and data in Fig. 9 a dynamic range of 80 dB for strain measurements can be obtained, which is a good indication of the system performance working in an ideal situation.
For evaluating the system response to ac signals, a sinusoidal strain signal with 0.3-ε amplitude and 200-Hz frequency was applied to the FBG. Because this frequency is beyond the system bandwidth ͑Ϸ10 Hz͒, the output signal must be detected after the differential amplifier ͑V OUT ͒. Figure 12 indicates a signal-to-noise ratio of 14 dB, resulting in an ac strain sensitivity of 42 nε͌͞Hz.
The maximum wavelength tuning range obtained with the implemented assembly was measured as 15 nm and was limited by the maximum voltage that can be applied to the PZT. This value is sufficient for most FBG sensing applications. However, as mentioned above, the PZT stretcher used in this experiment exhibited a strong hysteresis behavior with the applied voltage. For using the signal applied to the PZT as a direct output of the system and for avoiding measuring the PZT real displacement, a reference technique should be implemented. For ex- Fig. 8 . System response to the applied temperature cycle. Fig. 9 . System response to the applied strain cycle. ample, if a small ac signal were applied to the PZT in addition to the compensation signal, an intensity reference would be generated that could be used to locate the operating point on the hysteresis curve and correct for the nonlinearity. An alternative solution would be the use of less efficient PZT stretchers exhibiting low hysteresis. In this case it is possible to design a feedback circuitry that resets itself when the output voltage reaches a certain maximum value. The periodic nature of the WDM device allows a second 3-dB point to be used when the full range of the first operating point has already been utilized.
Finally, we examined the effect of induced additional insertion loss and thermal stability of the WDM used in this experiment. The insertion loss over the range of elongation used in this experiment was found to be constant within an error of 0.1 dB. To examine the temperature dependency of the WDM spectral characteristic curve, we chose a 3-dB point and measured its shift as the temperature was changed by Ϸ100°C ͑Fig. 13͒. The best linear fit depicts a wavelength-totemperature dependency factor of Ϫ0.18 nm͞°C. This degree of sensitivity can be easily handled by proper shielding of the WDM device.
Conclusion
We have presented a closed-loop technique for measuring Bragg wavelength shifts based on active wavelength tuning of a biconical WDM. A theoretical model was developed to assist the fabrication of optimized high selective couplers for this purpose. By direct measurement of the WDM elongation in closed-loop operation, resolutions of 0.2°C͌͞Hz and 2.1 ε͌͞Hz were obtained for dc temperature and strain measurements. 
